The pasty ranges and latent heat release modes of Sn-9Zn-xAg alloys, where x varies between 0.5 and 3.5, are examined in this study. The effects of alloy composition and cooling rate on the pasty range and latent heat release modes are also investigated. A Computer Aided-Cooling Curve Analysis (CA-CCA) technique is used to determine the pasty ranges and latent heat release modes for the alloys. To comply with the requirements of CA-CCA, the heat transfer conditions of the experimental setup must closely resemble of a lumped system, in which the alloy is cooled in a uniform fashion. To confirm this, two thermocouples are inserted into the crucible where the alloy is melted and subsequently resolidified. The crucible is used with and without a covering of insulating material to obtain different cooling rates. The temperature readings show that the heat transfer conditions in the experimental setup indeed meet the requirements of a lumped system. The solid fraction versus temperature relationship ( f s -T) for the various alloy compositions and cooling rates are obtained from the temperature data through CA-CCA. The experimental results show that as the silver content of the Sn-9Zn-xAg alloy increases, the liquidus temperature rises and the pasty range broadens. The pasty range is approximately 2 C for 0.5Ag, 9 C for 1.5Ag, 14 C for 2.5Ag, and 18 C for 3.5Ag. As long as the silver content is below 0.5 mass%, silver has little effect on the microstructure, which is basically the eutectic Sn-9Zn and the f s -T relationship is nearly a vertical line. However, as the silver content exceeds 1.5 mass%, the formation of Ag-Zn intermetallic compounds becomes obvious. This causes the alloy composition to deviate from eutectic and to lean towards the tin side of the Sn-Zn phase diagram. This in turn causes the proportion of the primary tin phase to increase and that of the zinc-tin eutectic phase to decrease. This is reflected on the plot of the f s -T relationship by two distinct vertical regions. One corresponds to the primary tin phase and the other to the eutectic phase. As the silver content further increases, the effects of intermetallic compound formation become even more obvious. As an alternative to CA-CCA, Huang's model can be used to obtain a quantitative f s -T function. As the silver content increases, the primary solid fraction for Huang's model increases. As the cooling rate increases, the primary solid fraction and the nonlinearity factors n e and n p decrease.
Introduction
Soldering operations are important steps in the manufacturing of most modern electronic products. Lead tin alloy solders are the most commonly used because of their low cost and unique combination of material properties such as low melting pint and good wettability. [1] [2] [3] Melting point and wettability are known to be the two most important properties for a solder alloy. However, due to environmental and health issues concerning the toxicity of Pb, there has been a great deal of research into the development of lead-free replacements for these solder alloys.
2-4)
For developing new solder alloys, one has to consider various properties such as liquidus temperature, pasty range, wettability, microstructure, and mechanical properties of solder as well as the reliability of soldered joints. 1) Among them, the pasty range is one of the most important characteristics of the solder alloy. At temperatures within pasty range, it contains different proportions of solid and liquid phase and leads to segregation during alloy solidification. 1, 3) In order to deal with this problem, it is more preferable to use a eutectic solder or a solder with a narrow pasty range. 1) Sn-Zn eutectic alloy has been considered as a candidate for a lead-free solder material because of its low melting point (198 C), excellent mechanical properties and low cost.
5-7)
However, since zinc-containing alloys have oxidation and wetting problems, 8, 9) new Sn-Zn based alloys are still under development. Studies show that improvements in wetting ability and oxidation resistance can be achieved through silver doping. 10) Therefore, Sn-Zn-Ag alloys show potential as lead-free solder materials. To fully exploit the suitability of Sn-Zn-Ag alloys as proper replacements for Sn-Pb alloys, various thermal, physical, and mechanical properties of the alloys need to be studied. Among them, the pasty ranges and latent heat release modes are the most important thermal properties for Sn-Zn-Ag alloys.
Computer Aided-Cooling Curve Analysis (CA-CCA) techniques can be used to measure and analyze latent heat release during alloy solidification. CA-CCA techniques are most often used to investigate casting alloys; Stefanescu et al. [11] [12] [13] [14] [15] [16] [17] [18] used a CA-CCA technique in measuring the latent heat of pure aluminum and pure copper to establish the validity of this method. Prior to this study, this technique had not been used to investigate solder alloys.
The purpose of this study is to use a CA-CCA technique to experimentally determine the pasty ranges and latent heat release modes of Sn-9Zn-xAg ternary alloys, and also discusses the influence of different alloy compositions and cooling rates on solidus, liquidus, pasty range and latent heat release modes.
Theoretical Method

Principle and procedure of CA-CCA
In general, the creation of a latent heat release model can be achieved through two methods -one is to use a thermal analysis apparatus to directly analyze the heating and cooling of the sample and then calculate the endothermic peak and exothermic peak to determine the latent heat during alloy solidification and melting. The second approach is to measure the cooling curve of the alloy, then calculate the latent heat by computer analysis. There are at least two methods to mathematically derive these quantities from the cooling curve. One technique was developed by Argyropoulos 19) and the other (the method used in this study) by Stefanescu. [11] [12] [13] [14] [15] [16] [17] [18] The principles and procedures of Stefanescu's method are discussed here. The assumptions of CA-CCA are: (1) Cooling behavior of the molten metal in a small crucible can be considered to be a lumped system; the Biot number (Bi ¼ hV=Ak) is smaller than 0.1. (2) During cooling, the density and specific heat of the molten metal remain constant and do not vary with respect to temperature. (3) The predominant mechanism for extracting heat from the system is through convective heat transfer between the crucible and the surrounding atmosphere. Conduction is not significant and can be neglected.
Figure 1 20) shows if the Biot number is very small, there is little temperature difference between the center and the wall of the material; the temperature of molten metal can be considered to be uniform. If the Biot number is large, a large temperature gradient exists between the center and the wall. For a small Biot number system, if no phase transformation occurs during cooling, the heat transfer can be described by the equation
where h is the overall heat transfer coefficient, A is the surface area over which heat is lost, T is the instantaneous temperature of the specimen, T a is the ambient temperature, V is the volume of specimen, is the density of specimen, C P is the specific heat of alloy, dT=dt is the cooling rate, npt represents no phase transformation occurs. Rearrange eq. (1) to get
Integrate eq. (2) with respect to time to obtain
Rewrite eq. (3) to express T in terms of material properties
Differentiate eq. (4) with respect to t dT dt
are constants. The cooling curve defined by eq. (5), dT=dt ¼ f ðC 1 ; C 2 Þ, is called the null curve. The null curve is meaningful only when accurate values can be obtained for C 1 and C 2 . These can be found by arbitrarily choosing two points on the cooling curve below solidus temperature 12) and plugging the associated temperatures and times into eq. (4). Upadhya 13) suggested that, to obtain C 1 and C 2 more accurately, the cooling curve under solidus temperature should first be optimized by a nonlinear least squares method (NLSF). As phase transformation occurs during freezing, the heat transfer equation becomes
Subtract eq. (2) from eq. (7)
Integrate eq. (8) By substituting eq. (9) into eq. (11), the solid fraction distribution can be expressed as
2.2 Huang's model 21) To quantitatively evaluate the influence of cooling rate and silver content on alloy solidification, this study fits the parameters of Huang's model to the CA-CCA generated curve by an iterative nonlinear least squares process. The equations used to describe the formation of different phases are provided below. For primary phase solidification
For eutectic solidification
where T l is the liquidus temperature, T s is the solidus temperature, T eu is the eutectic temperature, T f is the freezing temperature (T f ¼ T s for non-eutectic solidification and T f ¼ T eu for eutectic solidification), f p is the solid fraction at the T f temperature, n p is the nonlinearity factor for f s versus temperature during primary solidification, and n e is the nonlinearity factor for f s versus temperature during eutectic solidification.
To find the factors for Huang's model, T l , T s and T f are first determined from experimental data and f p , n e and n p are taken as unknowns. Then eqs. (13) and (14) are treated by a nonlinear least squares method to find the f p , n e and n p values that best fit the experimental data.
Experimental Method
Experimental setup
In this study, the Sn-9Zn-xAg alloys (with x representing 0.5, 1.5, 2.5 and 3.5 of mass percent) are investigated. The compositions of the alloys are analyzed and shown in Table 1 . The equipments used in this study include a crucible, two Ktype thermocouples, a data logger, and a heating furnace. The crucible is made out of 0.5 mm thick steel plate, with inner diameter of 30 mm and height of 40 mm. It is used with and without an insulating wrapper to obtain different cooling rates. A schematic illustration, which shows the longitudinal section of the mold and the exact configuration of the thermocouple, is shown in Fig. 3 .
Experimental procedures
The experimental procedures are to first put the solder alloy into the crucible. Place the crucible in the heating furnace and heat the alloy to 450 C. The cup is then immediately placed onto an isolation plate. Two thermocouples are inserted into the crucible; one at the center position and the other near the wall. The cooling curve is recorded by the data logger at a rate of 1 Hz. After solidification, the collected cooling curve data are then processed in various ways using a spreadsheet. They include different smoothing and curve fitting techniques. Using the average at every five points for smoothing proves to be almost identical to fivepoint central smoothing. The calculations are performed with the temperature data from the central thermocouple because it exhibits less noise than the wall thermocouple. The CA-CCA method is then employed to calculate the relationship between solid fraction and temperature.
Results and Discussion
4.1 Verification of the experimental setup and calibration of the CA-CCA method 4.1.1 Verification of the lump system assumption First, the cooling rate of the system was calculated. The cooling rate is defined by the instantaneous temperature change immediately after the solidus point is reached. A cooling rate of 0.45 C s À1 was achieved without the insulating wrapper. A lower cooling rate of 0.15 C s À1 was achieved with the insulating wrapper. Under the lump system assumption, the alloy is at a uniform temperature during solidification. In both the fast and slow cooling cases, material temperature was measured to verify the accuracy of the lump system assumption. As shown in Fig. 3 and Fig. 4 , the temperature differences between the wall and the center were found to be rather, which conformed to the requirements of a lump system.
Determination of the null curve
The determination of the null curve is very important for calculating the total latent heat and determining the latent heat release modes. To obtain the optimal null curve, the cooling curve of Sn-3.5Ag eutectic solder alloy was recorded and the f s -T relationship was determined by CA-CCA. The latent heat of the alloy was also calculated by CA-CCA using heat capacity data obtained from literature and then compared to a known reference value. Several experiments were carried out to measure the cooling curve of molten Sn-3.5Ag solder alloy in the crucible without the insulating wrapper. The cooling curve is shown in Fig. 5(a) and the first differential of the cooling curve, i.e. cooling rate, is shown in Fig. 5(b) . To obtain the null curve, the cooling curve below the solidus temperature, in the form of eq. (5), was optimized by a nonlinear least squares method. After substituting cooling rate curve and null curve data into eq. (12), the f s -T relationship for Sn-3.5Ag can be obtained as show in Fig.  5(c) . In this study, the initial nucleation point was chosen as the solidification onset point t s and the point at which the second derivative equals zero was chosen as the solidification end point t e . By inserting t s and t e into eq. (10), the area between the dT=dt curve and the null curve could be calculated. Using the curves shown in Figs. 5(a) and (b) , t s ¼ 69 s and t e ¼ 205 s, the area between the cooling rate curve and the null curve of Sn-3.5Ag is 259.867 C. Lloyd et al. 22) found that the heat capacity of solid state Sn-3.5Ag at 210 C is 0.298 J/g C À1 and that of liquid state Sn-3.5Ag at 230 C is 0.312 J/g C À1 . Taking the average heat capacity to be 0.305 J/g C À1 and substituting the heat capacity and calculated area into eq. (10), the total latent heat value is 79.233 J/g. Lau et al., 23) using DSC, measured the total latent heat value as 75.427 J/g. As these two values are close, it can be assumed that the null curve determination method is suitable.
4.2 Latent heat release mode and microstructure observation of Sn-9Zn-xAg alloys cooled at 0.45 C s
À1
The cooling curves are shown in Fig. 6 for Sn-9Zn-xAg alloys of four different silver contents. When the solder temperature falls into the pasty range, an additional temperature drop provides the driving force for alloy nucleation and is followed by a recalescence at the start of alloy growth. As shown in Fig. 6(a) the melting point of Sn-9Zn-0.5Ag is 199. 7 C, which is very close to the eutectic temperature (198.5 C) of Sn-9Zn alloy. Figures 6(b) , (c), and (d) show that as silver content increases to 1:5$3:5 mass%, the pasty range is bounded by two nearly horizontal regions on the cooling curve. As silver content increases, the temperature difference between the two horizontal sections grows. Figure 7 shows the cooling rate curves of the four alloys. The broken line is the NLSF optimized null curve obtained from CA-CCA theory. By substituting the cooling rate curve and null curve data into eq. (12), the f s -T relationship of Sn9Zn-xAg alloys cooled at 0.45 C s À1 is obtained, as shown in Fig. 8 . It should be noted that the Ag-Zn intermetallic compounds form around 250 C, which is at significantly higher temperature than the onset of Sn-Zn solidification. Since the amount of Ag-Zn is rather small and the intermetallic compounds float in the liquid, its formation has little effect on the majority of the solidification phenomena. Therefore, it is not included in the discussion. Figures 8(a) shows that the f s -T relationship of Sn-9Zn-0.5Ag alloy is similar to that of the eutectic alloy. Figures 8(b) , (c), and (d) show that as the silver content exceeds 0.5 mass% the f s -T curves develop two nearly vertical regions. The microstructure images in Fig. 9(a) show that during Sn-9Zn-1.5Ag solidification, three phases are produced. The white area is primary tin. The mass percent of Zn for the structure of region a in Fig. 9(a) Fig. 9(b) . No silver is detected in the area. It is then concluded that it is a Sn-Zn eutectic structure with the needle-like phase being Zn and the rest being Sn. The EDS analysis for the dark area of region b in Fig. 9(a) shows no detection of tin in the area as shown by the table in Fig. 9(c) . It is then believed that it is a Ag-Zn intermetallic compound. The Powder Diffraction File (PDF) and Song et al. 24) also indicate that two types of Ag-Zn intermetallic compounds, AgZn 3 and Ag 5 Zn 8 , are present in silver doped Sn-Zn solders. With the EDS result in Fig. 9(c) , where the atomic percents of Zn is 76.63 while that of Ag is 23.37, it is then believed that the Ag-Zn intermetallic compound is AgZn 3 .
According to the results described above, the two vertical regions of the solid fraction and temperature curve in Fig. 8 can be understood; the first vertical line represents the formation of tin and the second vertical line represents the formation of eutectic phase Sn-9Zn. When the silver content is less than 0.5 mass%, the majority of the microstructure is composed of eutectic phase Sn-9Zn and the rest is composed of Ag-Zn intermetallic compounds and tin, i.e. the vertical region in Fig. 8(a) phase. As the silver content increases, the amount of Ag-Zn intermetallic compound grows and the silver needs more zinc to react with. This phenomenon causes the composition percentage of tin and zinc to deviate from that of Sn-9Zn eutectic phase. The liquidus temperature of Sn-Zn also moves along the tin liquidus line in the phase diagram toward that of pure tin. The proportion of tin increases with the addition of silver, corresponding to the first vertical region in Fig. 8(b) , while the amount of Sn-9Zn eutectic phase decreases, corresponding to the second vertical section in Figs. 8(b) . Table 2 shows that, as the silver content of the Sn-9Zn-xAg ternary alloys increases, the liquidus temperatures rise and the pasty ranges broaden. The f s -T relationship for Sn-9Zn-0.5Ag is similar to that of the eutectic alloy, so the functional form developed by Huang is not a suitable model. However, the original solid fraction data for 1.5Ag, 2.5Ag and 3.5Ag obtained from the CA-CCA method are very close to those represented by the functional form as shown in Figs. 8(b) , (c), and (d). This indicates that the functional form represents the f s data very well. The primary phase solidification ( f p ), which stands for the solid fraction of primary tin phase, and nonlinearity factors (n e and n p ) for the three alloys are given in Table 3 . It can be seen that f p increases as the silver content rises, which is consistent to the results shown in Fig. 8 . Figure 10 shows the cooling curves for Sn-9Zn-1.5Ag alloy under two different cooling rates. Figure 11 shows the cooling rate curves and the NLSF optimized null curves obtained from CA-CCA for the four alloys. By the same method, the f s -T relationships of Sn-9Zn-xAg alloys cooled at 0.15 C s À1 could be obtained. They are very similar to those for the cooling rate of 0.45 C s À1 . A comparison for the calculated f s -T curves with respect to Sn-9Zn-1.5Ag alloy for the two different cooling rates is shown in Fig. 12 . It can be seen that the characteristics of the curves are identical except that the temperatures for the formation of primary tin and eutectic phase are higher for higher cooling rate. Also the f s -T relationship derived from the CA-CCA technique with the cooling rate of 0.15 C s À1 can be more closely represented by the Huang's functional form. Figure 13 shows a typical backscattered electron image of Sn-9Zn-xAg for the measurement of volume fraction of Ag-Zn intermetallic compound (shown as light blue area). The Optimas image analysis software is used to measure the volume fraction. The volume fraction of Ag-Zn intermetallic compound is seen to increases as silver content increases as shown in Fig. 14 . As silver content increases, the volume fractions of Ag-Zn intermetallic compounds and tin increase and that of Sn9Zn decreases.
As shown by Table 4 , both liquidus temperature and pasty range of Sn-9Zn-xAg ternary alloys increase as silver content increases for the cooling rate of 0.15 C s À1 . A similar trend is found with the cooling rate of 0.45 C s À1 . Figure 15 shows the liquidus temperatures and solidus temperatures for the various Sn-9Zn-xAg alloys under two different cooling rates. The primary phase solidification ( f p ) and nonlinearity factors (n e and n p ) for the three alloys are given in Table 3 . It can be seen that f p increases as the silver content rises. Furthermore, f p , n e and n p decrease as the cooling rate increases. If n p equals to one, it means that the solid fraction of the primary phase increases linearly with the decrease of the temperature. Further away from one means higher degree of nonlinearity.
Conclusion
The CA-CCA method was used in this study to measure the f s -T relationship for Sn-9Zn-xAg alloys (x varying from 0.5 to 3.5) under two different cooling rates in the solidification range. The results of the measurements and analyses can be summarized as follows. (1) The CA-CCA method can determine the exact distribution function of solid fraction vs. temperature for Sn9Zn-xAg alloys, supplying an important basis for solder alloy solidification simulation. (2) By comparing two different cooling rates, it can be shown that as the silver content increases, the initial solidification temperature and pasty range of Sn-9Zn-xAg ternary alloys also increase. The pasty range is approximately 2 C for 0.5Ag, 9 C for 1.5Ag, 14 C for 2.5Ag, and 18 C for 3.5Ag. (3) The solidification of Sn-9Zn-xAg ternary alloys initiates with the precipitation of the Ag-Zn compound, followed by the tin phase, and finally the growth of the eutectic Sn-Zn structure. As long as the silver content is less than 0.5 mass%, silver has little effect on the microstructure, which is basically the Sn-9Zn eutectic phase. The latent heat release mode of the Sn-9Zn-0.5Ag alloy is then similar to that of the eutectic alloy. However, the latent heat release modes of 1.5Ag, 2.5Ag and 3.5Ag have two vertical regions, one representing the formation of tin, and the other representing the formation of eutectic Sn-Zn phase. As the silver content increases, the proportion of the Ag-Zn compound and the tin phase increase and that of the eutectic Sn-Zn structure decreases. (4) Using Huang's model to quantify the f s -T curves is found to be consistent with the curves obtained by the CA-CCA method. As the silver content increases, the model factor f p increases. As the cooling rate increases, the primary phase solid fraction ( f p ) and nonlinearity factors (n e and n p ) decrease. 
